The study showed that organic alcohols with 1,2,3,5,6 hydroxyl groups can be used as reducing agents for laser-induced copper deposition from solutions (LCLD).Multiatomic alcohols, sorbitol, xylitol, and glycerol, are shown to be effective reducing agents for performing LCLD at glass-ceramic surfaces. High-conductivity copper tracks with good topology were synthesized.
INTRODUCTION
Laser-induced deposition from solutions, LCLD, is a promising method of localized deposition of a metal on various substrates in the focus of the laser beam. The method allows you to create small-sized metallic structures (conductor width from units to 200 microns) without a photomask on the surface of various dielectrics and semiconductors [1] [2] [3] [4] .The greatest practical importance is the deposition of copper, which has a high electrical conductivity. Scanning with the focused laser beam the surface of a dielectric placed in a special copper plating solution initiates the localized chemical reaction of metallic copper reduction [5] [6] . The reaction rate of copper deposition increases from 5 μm per hour for the standard chemical copper plating up to 5 μmper few seconds while the area is exposed to laser radiation.
Von Gutfeld [7] [8] [9] and Kordaset al 2 explain this effect by exclusively a thermal factor (increase the reaction rate of metal reduction with heat), as well as mixing the solution. In the experiments of von Gutfeld the laser beam was focused at the interface of copper electrode-copper sulfate solution. The second electrode is inserted in the solution, and external voltage was applied to the closed circuit resulting in the electrochemical reduction of copper on the surface of the copper plate. At low values of the external voltage U one can watch the jumpof potential E the order of 0.4 at the copperelectrolyte solution surface during laser irradiation, which leads to a 1000 times increase in the copper deposition rate in the exposed area.
Using formaldehyde as a reducing agent in LCLD does not result in deposits with a quality topology [10] [11] (hereinafter by the quality topology we mean the continuity of the copper structure by length and width and the lack of a diffuse plume of the non-localized deposited copper, i.e. copper reduced in the bulk solution and deposited around the track in the form of separate crystals) 12 . Copper structuresappearing with the use of formaldehyde, have the electrical resistivity 2-4 orders of magnitude higher than that of pure copper 10, 13 .
However, it is found 14 that it is possible to significantly improve the quality of the topology and the conductivity of copper structures by using polyatomic alcohol, sorbitol, as a reductant. Results of copper deposition using formaldehyde (Fig. 1a) 4 and sorbitol are shown in Fig. 1b 14 .
iijio iCsY --f11' a) b) Figure 1Micrographs of copper structures deposited byLCLD on the surface of a glass ceramics.Reproduced from [4] (а) and [14] (b) with the permission of the authors.
Using sorbitol, we managed to produce a monolithic conducting deposit with an average size of particles 100 to 400 nm. The value of specific electric resistance of the copper conductor 10 mm long is equal to 0.06 mm 2 /m being at least two orders of magnitude lower than for the deposits produced previously using formaldehyde but about 3-5 times higher than that of pure copper 14 .
The result cannot be explained relying only on the thermal model of the increase of the deposition process rate under heating the solution and the substrate by the laser beam.
In order to explicate this result we conducted an experiment on the use of reducing agents with low reduction capabilities: polyatomic alcohols (polyols) as reducing agents for LCLD copper deposition on the surface of the Sitall CT-50-1 glass ceramics that is used in microelectronics for manufacturing micro assemblies of microwave products. In this work we used a number of polyols with different reduction potentials, including those with negative difference of potentials with copper (II) in the solution. Figure 2 shows the diagram of the experimental setup used to study metal deposition by LCLD.
EXPERIMENTAL
Figure2. Schematic of the device for the laser-induced deposition of metals from solution.
A laser beam (1) was directed through a beam splitting cube (2) that diverted a portion of the laser radiation to the CCD camera for optical focusing and in situ monitoring of the metal deposition. The sample-targeted beam was focused to produce a 10-µm spot using a 4X microscope objective lens (3) at the dielectric/solution interface. The dielectric was irradiated "from the side of the solution" for non-transparent substrates (glass-ceramics) and "from the side of the substrate" for transparent substrates. The dielectric and the electrolyte solution were placed on a motorised translation stage (7) driven by a controller (11) . The operating commands from the computer (10) were generated using original software. The same computer received data from the CCD-camera (9) that was used to monitor the deposition process in real-time.
The copper structures were deposited using a continuous diode-pumped solid-state Nd:YAG laser (DPSS) operated at a power ranging from 100 to 2000 mW (λ =532 nm). The laser beam was focused to a fixed spot 10 m in diameter on the dielectric surface.The substrate was translated on the motorised stage with respect to the focus point at a speed of 0.0025 mm/s for the glass-ceramics substrate.
Copper was deposited onto dielectric substrate composed of the crystalline glass ceramic material Sitall, which is widely used in microelectronics. The composition of Sitall ST-50-1 is as follows: SiO2 (60.5%), Al2O3 (13.5%), CaO (8.5%), MgO (7.5%), TiO2 (10%). 
RESULTS
Copper structures differ significantly in topology and electric properties depending on the polyol and the deposition schedule. The following are examples of quality and poor topology of copper deposits. By the quality topology we mean the continuity of a copper depositby length and width (Fig 3b,c) . Only copper structures with quality topology can conduct an electric current. By poor topology we mean gaps in copper structures (Fig.3 a) . a) b) c) Figure 3 .a) Copper structure with poor topology deposited from a solution with ethylene glycol at 300 mW. b) Copper structure with quality topology deposited from a solution with an ethanol reductant at 1000 mW; the structure has no copper luster. c) Copper structure with quality topology deposited from a solution with a xylitol at 1000 mW; the structure has the copper luster.
Formaldehyde
We took formaldehyde as a reference reducing agent in this series of experiments because of its large reducing potential. The micrograph of the deposit obtained from the reference Solution C with formaldehyde reductant on the surface of the glass ceramics is shown in Fig. 4e . The initiation reaction threshold (the minimum power needed to start the reaction) amounted to 300 mW. The best copper topology structures were produced at capacity of 700 mW, their width being 90-120 µm (Fig. 4e) . The topology of the deposits is satisfactory, but the copper structure has a different width along the track 1 cm. Average size of copper particles from Fig. 4e can be estimated as 2-5 µm. The deposit is not compact; gaps between the crystals are visible. The resistance of the copper structure 1 cm longis not less than 1900 Ohm.
Ethanol
The threshold of reaction initiation was 300 mW. Copper structures obtained from the solution with ethanol have poorquality topology. Copper structures with fewest defects were produced at 900 mW, their width being 120-130 µm (Fig  4a) . Average size of copper particles at Fig. 5a can be estimated as more than 1 μm. The deposit is not densely packed and is formed as separate microcrystals. Copper structuresproduced with ethanol reductant do not conduct electrical current.
Ethylene glycol
The threshold of reaction initiation was 400 mW. The best topology copper structures were produced at 700 mW, their width being 130 µm (Fig.4b) . The copper structures do not possess copper luster, but have a quality topology (Fig.3b) . Average size of copper particles from Fig. 5b can be estimated as 400 nm. Crystals have the tetrahedral form. The deposit has a high density and is a continuous layer (Fig 4b) . Microstructure of the deposit (Fig. 5b) reveals that the tetrahedral microcrystals are joined together by only faces and vertices, which can lead to an increase in electrical resistance. The resistance of the copper structure 1 cm long is not less than 80 Ohms.
Glycerol
The threshold of reaction initiation was 400 mW. The best topology copper structures were produced at 1000 mW, their width being 170 µm (Fig.4c) . Produced copper structures have high-quality topology (Fig. 3c) . Average size of particles from Fig. 5c can be estimated as copper nanocrystals more than 100 nm. The deposit has a high density and is a continuous layer (Fig.4c) . Microstructure of the deposit (Fig. 5c) shows, in addition to a continuous layer ofcopper nanocrystals, the formation of individual crystals with a size of about 1 μm, which did not appear to be involved in conduction. The resistance of the copper structure 1 cm long is 2.7 Ohms. The specific resistance value is about 2.5 times higher than the value for pure copper.
Xylitol
The threshold of reaction initiation was 400 mW. The best topology copper structures were produced at 1000 mW, their width being from 150 to 220 µm (Fig.4d) . Produced copper structures have high-quality topology and copper luster (Fig.  3c) .The size of the crystals that form the deposit can be estimated as 10 nm or lower. The deposit is highly dense and presents itself a continuous layer (Fig.5d) . The resistance of the copper structure 1 cm long is 1.5 Ohms. The resistivity of the producedconductor is close to the value of resistivity for pure copper.
Sorbitol
Experiments on the use of sorbitol as a reducing agent arepresented in [14] and in Fig.1 .The threshold of reaction initiation was 400 mW. The best topology copper structures were produced at 1000 mW, their width being more than 150 µm. Produced copper structures have high-quality topology but not copper luster (analogous to Fig. 3b ). Average size of copper particles is 100-400 nm 14 . The deposit is a continuous layer 14 . The resistance of the copper structure 1 cm long is 5 Ohms. The resistivity of the produced conductor, according to the estimates made for the track profile with atomic force microscopy, amounted to about 0.06 Ohm mm²/m, being 3 times higher the value of resistivity for pure copper. T., 
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DISCUSSION
The result of copper deposition from solutions with polyols, taking into account the potentials in Table 1 , contradicts the theory of thermal activation of coppering with a laser beam 2, 9 .
In the case of formaldehyde 18 the copper deposit is formed by large cubic crystals (up to 1 μm, Fig. 1a ) that form porous structures. Such deposit structure, apparently, has a small value of the effective cross-section of the conductor.This results in that deposited copper tracks have high electrical resistance (1900 Ohms per linear centimeter).
Unlike formaldehyde, the use of polyatomic alcohols as reducing agents in the laser-induced deposition of copper from solution results in precipitation of dense deposits formed by fine nano-sized particles (Fig. 5b, c, d ),which ensures a low electrical resistance value (1.5 Ohms per linear centimeter). The theory of von Gutfeld 11 and Kordasconclusion 2 of the thermal nature of laser-induced plating gives no explanation of these effects or brings them to the influence of the thermal factor. Meanwhile, simple calculations show that the thermal factor does not fully explain the result.
The half-reaction of copper reduction can be generally expressed as Cu 0 +k +m (1) where the copper complexes with EDTA and tartrate is presented as (stability constant β=7*10 17 ) 19 and (stability constant β'=2.6*10 20 ) 20 . Reducing potentials of the complexes can be determined using the Nernst equation
Since laser radiation can heat the solution up to the boiling temperature (from 298 K to 373 K, ∆T=75 K), let's take into account the corresponding change in potential
Values of equilibrium potentials and their temperature shifts for the concentrations in use are presented in Table 2 . Table 2 shows that the reduction potential of copper(II) in solution in complexes with tartrate or EDTA not even grows, but can decrease when heated. Thus, the thermal model of LCLD 2, 18 , in which the driving force of laser deposition is the heatingof the solution with a laser beam, can be true only for strong reducing agents, as copper (II) doesn't become a stronger oxidizing agent when heating a solution containing the copper complex. Consider reduction potentialsof reducing agents used in the work and their possible change under heating.
By similar reasoning for oxidation reactions of organic chemicals:
We assume that in most reactions , and initial concentration of the oxidized form is non-zero, and limit the latest by the assessment . For pH = 12.5 we get: ; this expression will yield: +0,09 when n = 2, 0,034 for n = 4, and 0 for all n > 6. Given that mainly alcohols undergo oxidation to aldehydes (n = 2) or acids (n = 4), we obtain the total temperature shift of the potential equal to from + 0.02 to -0.04 depending on the actual ratio of oxidation products of alcohols.
Obviously, such a shift in the area of heating with a laser beam does not lead to a localized reaction proceeding exclusively in the area of radiation. The limiting minimum values of electrode potentials, which invokes notable anode currents, or the initial oxidation potentials of the used reducing agents in alkaline medium at a copper electrode are given in Table 1 . Following the thermal model of LCLD 2, 21 laser copper plating is impossible for reducing agents with initial potentials of 0.15 or more.
Based on theory and experimental research one can suggest the photoemission of electrons from the surface of deposited copper into the solution at high densities of the used laser power (about 10 5 W/cm 2 ). Because the used laser has the energy of radiation quanta equal to 2.33 eV (wavelength 532 nm) and the energy required for photoemissionfrom copper into the solution at zero charge potential at the surfaceis 3.05 ± 0.05 EV 22 , the single-photon processes are impossible. However, at high densities of laser radiation power multiphoton transformations become possible. The calculation of potential shifts taking into account possible photoemission will be made in future work.
CONCLUSIONS
The paper shows the possibility ofmanaging topology and conductivity of copper structures obtained by laser deposition of copper from solution by adding to the solution polyols as reducing agents. Using calculations we proved that the proceeding of copper reduction by poliols cannot be explained by the increase in reaction rate by heating the solution by laser. We proposed the hypothesis of a two-photonphotoelectric effect from the surface of deposited copper during laser deposition.
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